In this chapter, we will outline the scientific motivation for studying Anomalous Microwave Emission (AME) with the SKA. AME is thought to be due to electric dipole radiation from small spinning dust grains, although thermal fluctuations of magnetic dust grains may also contribute. Studies of this mysterious component would shed light on the emission mechanism, which then opens up a new window onto the interstellar medium (ISM). AME is emitted mostly in the frequency range ∼ 10-100 GHz, and thus the SKA has the potential of measuring the low frequency side of the AME spectrum, particularly in band 5. Science targets include dense molecular clouds in the Milky Way, as well as extragalactic sources. We also discuss the possibility of detecting rotational line emission from Poly-cyclic Aromatic Hydrocarbons (PAHs), which could be the main carriers of AME. Detecting PAH lines of a given spacing would allow for a definitive identification of specific PAH species.
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Introduction
Anomalous Microwave Emission (AME) is a mysterious component of microwave radiation emitted from the diffuse interstellar medium (ISM), which was first discovered in the late 1990s by sensitive CMB experiments operating at frequencies above 10 GHz (Leitch et al. 1997; Kogut et al. 1996) . Since then, it has been detected by numerous experiments operating in the frequency range ∼ 10-100 GHz, both in diffuse cirrus at high Galactic latitude (de Oliveira-Costa et al. 1999 , 2004 Banday et al. 2003; Finkbeiner 2004; Davies et al. 2006; Gold et al. 2011; Ghosh et al. 2012; Bennett et al. 2012 ) as well as from individual Galactic clouds (Finkbeiner et al. 2002; Watson et al. 2005; Casassus et al. 2006; Dickinson et al. 2009; Scaife et al. 2009 Scaife et al. , 2010a Dickinson et al. 2009 Dickinson et al. , 2010 Vidal et al. 2011; Planck Collaboration et al. 2013 ). More recently it has been detected from individual star forming regions in a nearby galaxy (Murphy et al. 2010; Scaife et al. 2010b ). The intensity is closely correlated with the thermal radiation at mid and far infrared (FIR) wavelengths associated with interstellar dust grains, but thermal dust emission cannot account for the observed microwave excess, which appears to peak at frequencies ∼ 20-40 GHz. Other traditional emission mechanisms (e.g., CMB, synchrotron, free-free) also cannot easily explain it.
A number of models have been proposed to explain the AME. The most plausible is electric dipole radiation from ultra-small rapidly spinning dust grains (a.k.a. "spinning dust"; see § 2.1). Low resolution Planck data and theoretical modelling of the Perseus and ρ Ophiuchi molecular clouds show, beyond reasonable doubt, that the AME in these regions is indeed due to spinning dust (Planck Collaboration et al. 2011 ). However, a number of mysteries still remain. The classical picture of spinning dust grains does not appear to fit so well on small angular scales. Even though AME has been detected on arcmin scales (Scaife et al. 2009; Tibbs et al. 2013) , the emission appears to be correlated with the strength of the radiation field rather than the column of small grains/PAHs along some sight-lines (Tibbs et al. 2011 (Tibbs et al. , 2012 . Also, in some objects (such as compact HII regions), the data have failed to detect AME at all (Scaife et al. 2008) . The AME could also be due to another mechanism, such as thermal fluctuations in magnetic grains (a.k.a. "magnetic dust"; see § 2.2). Detailed observations of AME will help us understand this mysterious component and, in principle, open up a new window on the ISM, both in the Milky Way and in external galaxies.
In this chapter, we begin by reviewing the two main models for AME ( § 2) and what the predictions are for their radio emission. We also mention the possibility of detecting rotational PAH lines in AME regions. We then discuss potential targets ( § 3.1) and the instrumental requirements ( § 3.2) that would allow the SKA to observe AME and what we could learn from them. We conclude and summarise the outlook for AME observations with the SKA ( § 4).
2. Models for the AME -Brief Overview and Predictions AME was given its name (Leitch et al. 1997 ) because it could not easily be explained in terms of conventional physical emission mechanisms -synchrotron, free-free, thermal dust, or CMB emissions. A number of possibilities have been explored, including flat spectrum synchrotron radiation (Bennett et al. 2003; Peel et al. 2012 ) and hot (T e 10 6 K) free-free emission (Leitch et al. 1997 ). There are currently two plausible explanations for the AME -electric dipole radiation from small rapidly spinning dust grains and thermal fluctuations in magnetic dust grains. Although spinning dust is the most widely accepted explanation there is still a possibility that some, or all, of the AME is from magnetic dust. Here we briefly review the theory and predictions. Finally, we also mention the possibility of detecting rotational line emission from PAHs, which has recently been proposed 1 (Ali-Haïmoud 2014).
Spinning dust
Electric dipole radiation from small spinning dust grains has been predicted for a long time (Erickson 1957 ). However, it had not received much attention until the late 1990s when several experiments detected excess emission at high frequencies (10-60 GHz). The first detailed theory and predictions were made by Draine & Lazarian (1998) , with subsequent minor improvements over recent years (Ali-Haïmoud et al. 2009; Ysard & Verstraete 2010; Hoang et al. 2010 Hoang et al. , 2011 .
The idea is simple -rotating electric dipoles radiate. Interstellar dust grains will naturally possess permanent electric dipoles, µ, due to an uneven distribution of charges, impurities (such as nitrogen in PAHs), or an asymmetric structure; even spherically symmetric grains will have, on average, a residual dipole moment. Also, interstellar dust grains are known to spin at high rates due to a number of excitation mechanisms (photons, collisions, formation of molecules etc). Classically, the power radiated by a dipole rotating at angular velocity ω, with electric dipole component µ ⊥ perpendicular to ω is given by
This power is emitted at a frequency ν = ω/2π. To calculate the detailed frequency spectrum of spinning dust, one needs to integrate the emission over a distribution of grain sizes, electric dipole moments, and angular velocities. Specifically, the emissivity per H atom is (Ali-Haïmoud et al.
2009):
where ω = 2πν, dn gr /da is the grain size distribution, f a (ω) is the rotational velocity distribution. It is easy to see that for grains to emit appreciable power at radio frequencies, the grains must spin at a very high rate -at GHz frequencies. Larger grains, due to their larger moments-ofinertia, emit at lower frequencies and with a lower emissivity. At frequencies < 5 GHz, spinning dust is expected to be very weak, and typically swamped by the usual free-free and synchrotron components. The high frequency cut-off is determined by the very smallest grains (VSGs) and PAHs, which are the most emissive and dominate the spectrum, resulting in a peaked spectrum. Fig. 1 shows a theoretically predicted spectrum for specific conditions typical of the Cold Neutral Medium (CNM). It can be seen that most of the emission comes from the very smallest grains.
Although there is still significant debate about the origin of the diffuse high latitude AME observed in CMB experiments (Bennett et al. 2003) , there are a few examples of Galactic molecular clouds that are now widely accepted to emit significant amounts of spinning dust at frequencies ∼ 30 GHz. The best two examples are the Perseus and ρ Ophiuchi molecular clouds; Fig. 2 shows the SED of G160.26-18.62 in the Perseus molecular cloud and the spinning dust residuals including Planck data (Planck Collaboration et al. 2011) . The spinning dust is modelled by 2 components representing the atomic and molecular phases of the ISM. The analysis not only showed that the spectrum can be well-fitted by spinning dust but also that the physical parameters that define the model are consistent with expectations i.e. the model is physically motivated, or alternatively, that we expect to see spinning dust at this level in this region. In fact, a number of new observations are now suggesting that a significant fraction (tens of percent) of the 30 GHz emission in our Galaxy is due to AME (Planck Collaboration et al. 2014b ). This could have significant consequences for astronomical observations of our Galaxy and extragalactic sources 2 Spinning dust emission is largely unpolarized because the smallest grains that dominate the power do not align efficiently with the magnetic field. At 30 GHz the polarized fraction is expected to be < 1 % (Lazarian & Draine 2000; Hoang et al. 2013 ), consistent with current upper limits López-Caraballo et al. 2011; Rubiño-Martín et al. 2012) . At lower frequencies, where larger grains contribute, the polarization can be significant (few %) but will be difficult to measure due to confusion with synchrotron/free-free emission. Nevertheless, measuring polarization would provide constraints on paramagnetic alignment and resonance relaxation models of small grain alignment (Lazarian & Draine 2000) and, perhaps more importantly, may allow us to distinguish between spinning dust (low polarization) and magnetic dust ( § 2.2) mechanisms (high polarization).
Magnetic dust
An alternative explanation for AME was proposed by Draine & Lazarian (1999) in terms of thermal fluctuations of the magnetization within individual interstellar grains. Such thermal fluctuations result in magnetic dipole radiation. The predictions of magnetic dust are based on 2 The study of AME may be of relevance to studying star formation in galaxies via their free-free emission (Beswick 2014; Murphy 2014) , since a separation between the synchrotron/free-free/AME components is required above ∼ 10 GHz. the magnetic properties of dust using the Gilbert equation (Draine & Hensley 2012) and are quite diverse. Although ordinary paramagnetic grains cannot account for the bulk of the AME, stronger magnetic dipole radiation will result if a fraction of the grain material is ferromagnetic by the inclusion of iron (Fe). Since ∼ 90 % of the Fe is missing from the gas phase, it must be locked up in solid grains; very little is known about the nature of the Fe-containing material. Again, the predictions depend critically on the form of Fe e.g. as free flyers, inclusions on grains, metallic Fe, magnetite, maghemite etc. (Draine & Hensley 2013) .
Magnetic dust has not been definitively detected as of yet. However, a number of hints have been indicated. A study of the sub-mm spectrum of the Small Magellanic Cloud (SMC) has shown that the sub-mm excess can be readily accounted for by magnetic dust (Draine & Hensley 2012) . Fig. 3 shows the spectrum of the SMC, fitted with two models including a contribution from magnetic dust. It is worth noting that the magnetic dust does not depend sensitively on the size of grains (unlike for spinning dust) and thus it could emit from anywhere there is dust.
The polarization of magnetic dust is similarly complicated and depends on the form of the magnetic nanoparticles. Most models predict a very high (∼ 35 %) polarization in the sub-mm, decreasing towards microwave/radio wavelengths. Indeed, a recent analysis of Planck polarization data shows a fall in the polarized fraction from 353 GHz to 100 GHz, which may indicate a component of magnetic dust (Planck Collaboration et al. 2014a ). This polarization signature is the most clear way to distinguish between magnetic dust and other emission mechanisms such as spinning and thermal dust. Note that the polarization undergoes a reversal at frequencies ∼ 3-20 GHz, depending on grain geometry and composition i.e. the emission will go from being aligned with the magnetic field to being perpendicular to it (Draine & Hensley 2012) . This would be a smoking gun indication of this process, although confusion from the polarized synchrotron radiation will likely make this difficult.
Rotational spectroscopy of interstellar PAHs
Carbonaceous dust grains are thought to extend down to the molecular regime at the small size end, where they take the form of Poly-cyclic Aromatic Hydrocarbons (PAHs) (Tielens 2008) . PAHs are widely recognised as the carriers of the near-infrared aromatic features, are abundant in the interstellar medium, and are important actors in its chemical and thermal balance. They are also presumably the emitters of spinning dust radiation. Yet, no specific interstellar PAH has been identified to date, as the near-infrared features are not molecule-specific. Detecting and identifying interstellar PAHs would close any remaining doubt about the nature of the carriers of near-infrared features (Kwok & Zhang 2013) and could lead to a more quantitative understanding of their formation mechanisms.
It was recently suggested that rotational spectroscopy combined with matched filtering techniques could be used to identify interstellar PAHs (Ali-Haïmoud 2014). General PAHs are large asymmetric molecules and have a very complex rotational spectrum, unusable for identification purposes. However, quasi-symmetric PAHs (such as nitrogen-substituted coronene or circumcoronone; Hudgins et al. 2005 ) have very regular rotational spectra, taking the shape of "combs" of evenly spaced lines with width of order of a MHz 3 . The line separation ranges from a few tens of MHz to a few hundreds of MHz and is highly sensitive to the size of the emitting species; see the table in Fig. 4 for the approximate line spacing of a few representative species. The expected strength of the lines is highly uncertain, as it depends of the fraction of PAHs that are quasi-symmetrical. If of order one percent of PAH molecules are in the form of coronene, for example, we expect a line strength of order a mJy (near the peak of AME, at ∼ 10-30 GHz) for a molecular cloud observed with arcmin resolution. The highly regular shape of the spectrum allows for a more efficient search using matched filtering techniques.
3. Observations of AME with the SKA 3.1 Potential targets AME from spinning and magnetic dust radiation is expected, at some level, from any object containing small dust grains. Therefore, there are potentially a very wide range of objects that could be studied, including molecular clouds, photodissociation regions (PDRs), dense cores, circumstellar disks etc. However, some consideration is needed for the contribution of synchrotron/free-free since the SKA will operate at < 20 GHz where these are significant for many objects. Furthermore, many of these sources are very diffuse with the emission being distributed on scales of arcmin and larger. This will cause difficulties in imaging the large-scale emission (resolving out flux, deconvolution etc.). Nevertheless, ISM structures invariably emit over a wide range of scales and we would need to focus on regions that have a significant column of dust, using ancillary IR/sub-mm data.
One of the best targets would be dense pre-stellar cores. These collapsing dust clouds have typical sizes of ∼ 1 arcmin or less, which is well matched to the shorter SKA baselines. Although a large fraction of these are found within large molecular cloud complexes with strong synchrotron/free-free emission, some are less contaminated and have clean lines-of-sight. There is an interesting possibility of using the profile of spinning dust emission as a probe of these clouds. Ysard et al. (2011) have shown that this could in principle be used to study the grain properties and environment within the cloud. In particular, they proposed a scheme to estimate the abundances of the major ions (HII, CII), which would be complementary to direct observations. The emission may also be relatively strong at the centre of dense clouds where the mid-IR PAH emission is weak and could provide a new way to trace grain growth from diffuse to dense media. Circumstellar disks would also be a good target for AME. Near-IR studies (and more recently results from the Atacama Large Millimeter Array; ALMA) of disks around Herbig Ae/Be stars have demonstrated that a substantial amount of dust mass can be locked up in nanometre-sized particles. Modelling has shown that spinning dust could contribute of order mJy at ∼ 20 GHz (Rafikov 2006) and hence at levels comparable to the Rayleigh-Jeans tail of the sub-mm continuum. SKA would provide high resolution imaging of disks and the separation from synchrotron/free-free could be achieved by observing at lower frequencies. Detection of the spinning dust emission would provide important evidence for the existence, properties, and origin of the population of small dust particles in proto-planetary disks, with possible ramifications for planet formation. VSGs are key to the thermal balance of proto-planetary disks, and their detection at radio frequencies would allow a new probe of their distribution, unhindered by the central circumstellar glare that affects the IR observations.
Another obvious target for the high resolution capabilities of SKA, is external galaxies (see also Murphy 2014) . Strangely, AME has only been detected in one external galaxy, NGC6946 (Murphy et al. 2010; Scaife et al. 2010b ) (and possibly SMC/LMC). In fact, it was only significantly detected in two out of ten star forming regions within the spiral arms of NGC6946. It is possible that AME may only be strongly emitted in a small volume of an entire galaxy, and thus the integrated contribution of AME could be small in general. On the other hand, there have been few detailed measurements at frequencies above a few GHz, thus we may have simply missed it. Another interesting possibility is that high redshift galaxies (z > 2), would emit AME at observed frequencies below ∼ 10 GHz, which may be more suited to the SKA. The higher star formation rates, and therefore increased dust production at these redshifts, may result in a relatively larger fraction of AME.
For the detection of rotational PAH lines, we would target regions that are known to have column density of PAHs (via IR maps e.g. Spitzer 8 µm) but little ionized gas to reduce contamination from radio recombination and other ionic lines. AME-dominated targets would be obvious targets.
Instrument requirements
AME, whether from spinning or magnetic dust, emits at relatively high radio (microwave) frequencies -at ∼ 10 GHz and above. The ideal instrument would cover frequencies of a few GHz up to ∼ 300 GHz. However, there is a dearth of observations in the range 10-30 GHz. The SKA would be complementary to sub-mm data (e.g. ALMA and Planck) and would provide the crucial low frequency data required to separate synchrotron/free-free/AME.
In SKA1-MID, the highest frequency corresponds to band 5 covering 4.6-13.8 GHz and with a bandwidth of 2.5 GHz in each polarisation (Dewdney et al. 2013) . For spinning dust, the focus would be on intensity rather than polarization, while for magnetic dust the polarization would be the main interest. Polarization observations either side of the predicted ∼ 15 GHz reversal (e.g. combined with ALMA band 1 30 GHz observations or Very Large Array) would provide a smoking gun detection of magnetic nanoparticles. The full SKA is expected to include the highest frequency band 5 and may go up to 24 GHz, or possibly even a little higher. Clearly this would open up the SKA to studies of AME, both spinning dust and magnetic dust. Assuming a build-out from the central core of SKA1-MID, bright AME targets offer the opportunity for early science with < 50 % capability of the full SKA1-MID.
The angular scale coverage is more difficult to define since there is a wide range of potential targets such as prestellar cores, diffuse molecular clouds and extragalactic sources ( § 3.1). An important consideration is the surface brightness sensitivity since the majority of AME detections have been from diffuse regions rather than from compact sources. We therefore require good u, v coverage with many short baselines. For continuum, SKA1-MID is likely to provide sufficient sensitivity for many of our targets, which would be chosen carefully to match the u, v coverage that was available. Utilising the lower bands of SKA (band 3 [1.6-3.1 GHz] and band 4 [2.8-5.2 GHz]), using matched baselines to give equivalent u, v-coverage, could be used to differentiate AME from synchrotron/free-free emissions.
To appreciate the sensitivity and power of the SKA, we make an order-of-magnitude estimate of the integration time required for SKA-MID to detect AME in one of the well-known diffuse molecular clouds. We consider the filamentary structure observed in the Perseus molecular cloud by the Arc Minute Imager (AMI) at 16 GHz and synthesized beam of ≈ 2 arcmin. AME structure was detected on the scale of the beam at a level of ≈ 6 mJy/beam (Tibbs et al. 2013 ). If we conservatively assume that the emission is completely smooth (does not have structure on scales smaller than the beam), we can calculate the lower limit to the flux density observed with the 1 km core of SKA-MID, which corresponds to an angular resolution of ∼ 3 arcmin, of ∼ 4 µJy/beam. For early observations with 50 % early phase 1 SKA, the system equivalent flux density is 3.4 Jy (1.7 Jy for the full array; Dewdney et al. 2013) . For a bandwidth of 2.5 GHz, an integration time of 2300 secs (∼ 1 hour) is required to achieve a 5 σ detection. It is therefore clear that even for diffuse ISM structures, the SKA can potentially be very powerful.
For the rotational lines of PAHs, we require a frequency resolution of ∼ 1 MHz or better, which would be easily achievable with 16384 channels over a 5 GHz bandwidth centred at ≈ 20 GHz. The required sensitivity of ∼ µJy/beam is readily feasible as long as the ISM structures were matched to the SKA baselines, while the stacking analysis can be made to be robust against bandpass and other calibration errors (Ali-Haïmoud 2014).
Conclusions and outlook
SKA, operating at frequencies above ∼ 10 GHz would provide high resolution (arcsec and better) and high fidelity wide-field imaging of Galactic clouds and similar regions in nearby galaxies. Precise continuum measurements of the frequency spectrum of AME would provide definitive confirmation of the spinning dust model across a wide range of scales. Sensitive and high resolution observations of molecular dust clouds, away from hot ionized gas (which is invariably associated with star forming clouds), would give a clear picture of AME. Combined with higher frequency data (e.g. ALMA band 1 at 30 GHz) we can establish the full spinning dust SED for a variety of targets.
Once spinning dust is confirmed, we can then use this unique tracer of small dust grains as a new probe of the ISM. The spinning dust spectrum and intensity is very sensitive to a number of parameters associated with the ISM, that are otherwise difficult to constrain. Combined with theoretical modelling, it would allow the dust grain size distribution to be measured as well as the density and interstellar radiation field (and possibly other parameters such as the electric dipole moment), which affect the rotational excitation of interstellar grains. Models already exist for cold prestellar cores, which predict specific signatures of spinning dust that can be tested and unique information on the physics of star-forming regions can be gained. Complementary high resolution FIR/sub-mm data (e.g. Spitzer/Herschel, ALMA) would provide a complete picture of the ISM, which could be studied on a wide range of scales and environments.
Finally, we outline the possibility of detecting comb-like line emission from PAHs, which would provide definitive identification of specific, free-floating interstellar PAHs.
CD acknowledges support from an ERC Starting (Consolidator) Grant (no 307209).
